Homeodomain leucine zipper (HD-Zip) genes encode transcription factors that are characterized by both a homeodomain and a leucine zipper motif. Two HDZip genes were isolated from cDNA of the male flower bud of the dioecious plant Silene latifolia . The two isolated genes, SlHDL1 and SlHDL2 , encode proteins with the characteristics of HD-Zip transcription factors belonging to HD-Zip classes I and II, respectively. The expression patterns of SlHDL1 and SlHDL2 throughout the floral developmental stages were studied using real-time PCR and in situ hybridization. SlHDL1 is specifically expressed in the outermost layer of the anthers and gynoeciums with a patchy pattern in the inner layers, suggesting that the product of SlHDL1 plays a role in the early developmental stage of the epidermal tissues of these floral organs. Its expression pattern in the anthers and gynoeciums suggests an involvement in differentiation of the reproductive organs. On the other hand, real-time PCR revealed accumulation of SlHDL2 transcripts in the anther and pollen grains of the male flower. These results suggest that SlHDL1 and SlHDL2 regulate specific targets in restricted regions leading to floral organ differentiation in S . latifolia .
INTRODUCTION
The homeobox is a consensus DNA sequence of 180 bp present in a number of genes involved in several developmental processes in animals and plants. The homeobox encodes a protein motif of 60 amino acids, the homeodomain, which folds into a characteristic DNA-binding structure composed of three α -helices separated by a loop and a turn (McGinnis et al., 1984; Scott and Weiner, 1984) . Homeodomain leucine zipper (HD-Zip) genes, which are present exclusively in plants, are characterized by a leucine zipper motif attached directly to the C-terminus of the homeodomain region that functions in dimer formation (Landschulz et al., 1988) .
HD-Zip proteins are grouped into four classes (I-IV) based on sequence homology (Sessa et al., 1993a) . HDZip I and II genes are probably involved in the signal transduction pathway of light (Carabelli et al., 1996; Aoyama et al., 1995; Steindler et al., 1999) , of dehydration-induced ABA (Frank et al., 1998; Lee and Chun 1998; Söderman et al., 1999) , or of auxins (Kawahara et al., 1995) . These signal transduction networks are related to the general growth regulation of plants. The overexpression of sense or antisense HD-Zip I or II mRNA usually alters the growth rate and development of a plant (Schena et al., 1993; Aoyama et al., 1995; Meijer et al., 1997) . Most members of the HD-Zip III subfamily play roles in cell differentiation in the stele (Baima et al., 1995; Zhong and Ye, 1999) . HD-Zip IV subfamily is related to differentiation of the outermost cell layer (Di Christina et al., 1996; Lu et al., 1996; Masucci and Schiefelbein, 1996; Ingram et al., 1999) . Sex determination in most dioecious plants is conEdited by Kiyotaka Okada * Corresponding author. E-mail: kk27535@mail.ecc.u-tokyo.ac.jp trolled by heteromorphic sex chromosomes. Silene latifolia , however, is a dioecious plant with morphologically distinct sex chromosomes (Matsunaga and Kawano, 2001; Negrutiu et al., 2001 ). Many reproductive organ-specific genes have been characterized, but little is known about the homeobox genes involved in sexual differentiation between male and female flowers of dioecious plants. In this study, we isolated two homeodomain genes from male flowers of S . latifolia , analyzed their structures, and characterized their expression patterns during floral organ differentiation in this plant.
MATERIALS AND METHODS
Plant Materials An inbred line of S . latifolia was propagated by eight generations of brother-sister mating. Plants were grown in flowerpots in the greenhouse at temperatures between 15 ° C and 30 ° C. Long-day conditions (illumination for 16 h per day) allowed the plants to flower. Harvested plant tissues were frozen in liquid nitrogen and stored at -80 ° C until used for the isolation of RNA.
Isolation of homeobox genes
Total RNA from male flower buds was isolated using TRIZOL reagent (Gibco-BRL, Grand Island, NY). mRNA was isolated using the PolyA Tract mRNA isolation system III (Promega, Madison, WI) and was reverse-transcribed using a first-strand cDNA synthesis kit (Amersham Biosciences, Piscataway, NJ). PCR was performed according to the method described previously (Aso et al., 1999) using the homeodomain-specific primer HB1 (5'-CATCATCATCATAAR-ATNTGGTTYCARAAYMGNMG-3') (Burglin et al., 1989; Aso et al., 1999 ) and a poly(T) primer. PCR products were separated on 1% (w/v) agarose gels. DNA fragments of 0.5 to 2 kb were purified with Amicon Microcon PCR centrifugal filter devices (Millipore, Billerica, MA) and were cloned into the pCR ® 2.1-TOPO ® cloning vector using a TOPO ® TA Cloning ® kit (Invitrogen, Carlsbad, CA). The clones were sequenced using the Big Dye Terminator Cycle Sequencing FS Ready Reaction kit (Applied Biosystems, Foster City, CA) and an ABI PRISM 3100 DNA sequencer (Applied Biosystems). The partial sequences were used to isolate the full-length genes. SlHDL1 (Accession number AB092574) was isolated by screening a cDNA library of the male flower bud of S . latifolia (Matsunaga et al., 1996) , and SlHDL2 (Accession number AB092575) was isolated using the RACE system (BD Biosciences, Palo Alto, CA).
Phylogenetic Analysis Plant HD-Zip gene sequences that were similar to homeobox sequences of S . latifolia HD-Zip genes ( SlHDL1 and SlHDL2 ) were obtained from the NR and dbEST data sets at NCBI using the BLASTX or BLASTP programs (ver. 2.0.10) (Altschul et al., 1997) .
The deduced amino acid sequences were aligned with other HD-ZIP proteins based on similar homeobox regions using CLUSTAL W ver. 1.8 (Thompson et al., 1994) and were subjected to phylogenetic analysis. Phylogenic trees were constructed by MEGA software (Kumar et al., 2001 ) using the neighbor-joining (NJ) method (Saitou and Nei, 1987) .
Real-time PCR Aliquots of 1 µ g of DNase I-treated total RNA were reverse-transcribed with poly(T) primer using a first strand cDNA synthesis kit (Amersham). Each amplification mixture (30 µ l) contained 50 ng of cDNA, 1.4 µ M forward primer, 1.4 µ M reverse primer, and 15 µ l of 2X QuantiTect SYBR Green Master Mix (Qiagen, Hilden, Germany). PCR thermocycling parameters were 95 ° C for 15 min followed by 45 cycles of 95 ° C for 15 s, 60 ° C for 30 s, and 72 ° C for 40 s. Real-time PCR was carried out using a Smart Cycler (Cepheid, Sunnyvale, CA). The expression values of the genes were calculated relative to the expression of the constitutively expressed actin gene.
In situ hybridization For in situ hybridization experiments, we used an AmpliTaq T7 high yield transcription kit (Epicentre, Madison, WI) to produce biotinylated gene-specific antisense RNAs as probes. In situ hybridization was performed according to the protocol of Matsunaga et al. (1996) using an AIH101 automatic hybridization system (Aloka, Tokyo, Japan). Detection was performed using the DAKO GenPoint System (Dako, Carpinteria, CA).
RESULTS

Molecular cloning of the homeodomain leucine zipper genes from S. latifolia
To isolate new HD-Ziptype homeobox genes from S . latifolia , we amplified the HD-Zip domain of cDNA from the male flower buds of S . latifolia using degenerate oligonucleotide primers designed based on conserved amino acid sequences of the homeodomain regions of previously reported genes (Aso et al., 1999) . Two partial DNA fragments were isolated and used for further screening of a cDNA library of the S . latifolia male flower buds. We isolated a full-length cDNA clone containing a 951-bp open reading frame ( SlHDL1 ) encoding a polypeptide of 317 amino acid residues (Fig. 1A) . Another full-length cDNA clone, designated SlHDL2 , was isolated using the RACE system. The SlHDL2 gene had an ORF of 648 bp encoding a product of 216 amino acids (Fig. 1B) . The isolated HD-Zip gene products, SlHDL1 and SlHDL2 proteins , possessed the primary characteristics of plant homeodomain proteins. They contain acidic domains N-terminal to the homeodomain regions; their homeodomain regions fold into three α -helices separated (Ruberti et al., 1991) . The CPSCE motif is boxed. The arginine at position 55 is encircled. The charged amino acid residues at positions e and g in the leucine heptad are shown in bold letters. The locations of hydrophobic amino acid residues are indicated by a and d .
by a loop and turn; they share 12 highly conserved amino acid residues of the HD region; and their leucine zipper heptads are attached directly to the homeodomain regions (Fig. 1C) . Like other HD-Zip proteins, both gene products of SlHDL1 and SlHDL2 contain a leucine zipper motif directly attached to the homeodomain region. The leucine zipper motif is a stretch of seven amino acids, designated ( abcdefg ) n , in which the conserved leucine residues are usually found at position d . Within the leucine heptads of SlHDL1 and SlHDL2 (Fig. 1C) , hydrophobic amino acids occur at positions a and d, and charged amino acids can be identified at positions e and g . SlHDL1 and SlHDL2 belong to HD-Zip classes I and II HD-Zip proteins with their specific organizations are restricted to plants (Landschulz et al., 1988) and are classified into four groups (Sessa et al., 1993a) . Comparisons of the HD-Zip regions of SlHDL1 and SlHDL2 with the homeodomains of other plants revealed that their deduced amino acid sequences were most similar to those of HD-Zip classes I and II, respectively. The HD-Zip domain of SlHDL1 shows a high degree of similarity with the HD-Zip domains of Athb5 from Arabidopsis thaliana (89%), Hfi22 from Nicotiana tabacum (92%), and GmHDL56 from soybean (93%) (Soderman et al., 1999; Tang et al., 2001; Desvoyes et al., 2002; Rubeti et al., 1991) . On the other hand, the HD-Zip domain of SlHDL2 belongs to HD-Zip class II based on its similarity with HAT2 and HAT4 from Arabidopsis thaliana (94% and 93%, respectively) and PHZ2 from Pimpinella brachycarpa (95%) (Soderman et al., 1994; Deng et al., 2002; Schena et al., 1993) . To determine the evolutionary relatedness of SlHDL1 and SlHDL2 to HD-Zips isolated from other species, the neighbor-joining method (NJ) was used to generate a gene tree based on amino acid sequence homology of the HD-Zip region of isolated genes to those of HD-Zip proteins (Fig. 2) . The tree showed that SlHDL1 belongs to HD-Zip class I and that SlHDL2 could be grouped into HD-Zip class II.
SlHDL1 and SlHDL2 expression in different floral organs Expression patterns of SlHDL1 and SlHDL2 in different floral organs of the mature S. latifolia flowers were determined by real-time PCR (Fig. 3) . The realtime PCR was performed using mRNA isolated from the floral organs of the mature male and female flowers. The levels of expression of the isolated genes were calculated relative to that of the constitutively expressed actin gene. We found no major change in the expression between male and female organs, although the highest levels of SlHDL1 expression were identified in the anther and anther filament of the male flower, and the lowest level was observed in the gynoecium of the female flower.
The expression pattern of SlHDL2 in each of the floral organs, sepal, petal, filament, anther, style, and ovary, was also studied using real-time PCR (Fig. 3 ). We noticed that the level of SlHDL2 expression was higher in the male flower organs (filament and anther) than in the female flower organs (style and ovary). The greatest levels of expression were identified in the male reproductive organs of the flower; the levels of SlHDL2 expression in the anther and anther filament were three fold greater than those in the sepals and petals. Interestingly, low levels of expression were noted in the female organs of the female flower (Fig. 3) . The high level of SlHDL2 expression in the anther suggests that it regulates specific targets in this region.
Localization of SlHDL1 and SlHDL2 expression revealed by in situ hybridization
The expression pattern of SlHDL1 was studied using in situ hybridization (Fig. 4) . SlHDL1 transcripts accumulated in both early and late stages of both male and female flower buds. At early developmental stages, high levels of SlHDL1 expression were detected in the outermost layers, beside lower expression in the inner layers, of male and female flower buds (Fig. 4A, C) . In late developmental stages, transcripts of the SlHDL1 were identified in the sepal and petals of both male and female buds (Fig.  4B, D, G) . In anther, SlHDL1 transcripts were specifically expressed in the outermost layer of the anthers with a patchy pattern in the inner layers (Fig. 4E, F) . In female flower buds, in addition to the high level of expression in the outermost layer of the ovary walls and styles, a high level of SlHDL1 expression was detected in ovules (Fig. 4H, I ). SlHDL1 was not expressed in the suppressed gynoecium during the late stages of the male flower bud (Fig. 4B) . E, anther; F, pollen grains; G, female late stage petal; and H, ovules. As well as the high expression in of the gene product in the anther, high expression can be observed in the ovules (Arrows). S, sepal; p, petal; a, anther; g, gynoecium; o, ovules; ov, ovary; st, stamen; po, pollen grain; t, tapetum. Scale bars, 10 µm.
Transcripts of SlHDL2 were identified in both early and late stages of both male and female flowers. In contrast to SlHDL1, the transcripts of SlHDL2 were distributed in patches in the early stages of flower buds (Fig. 5A,  C) . In late developmental stages, low expression of the SlHDL2 was identified in the sepal and petals of both male and female buds (Fig. 5B, D) . SlHDL2 transcripts accumulated to high levels in anthers (Fig 5B) , tapetum cells, and pollen grains in the male flower bud (Fig. 5E,  F) . We identified transcripts of SlHDL2 gene in some pollen grain (not all), this seems to be dependant on the maturation stage of the pollen grain. In contrast, low levels of expression were detected in the carpels and petals in the late developmental stages of the female flower (Fig 5D,G) . In the female flowers, SlHDL2 transcripts accumulated ovules (Fig. 5H) .
DISCUSSION
In the present report, we described the isolation of two homeobox genes, SlHDL1 and SlHDL2, and the characterization of their expression during sex differentiation between male and female flowers in the dioecious plant S. latifolia. The two genes encode proteins that possess the characteristics of HD-ZIP transcription factors. They each have an acidic domain preceding the HD-ZIP region, conserved amino acids residues in the HD-Zip domain, a homeodomain attached directly to the leucine zipper, and hydrophobic and hydrophilic amino acids at defined positions in leucine heptads (Fig. 1) . HD-Zip proteins with this specific organization are restricted to plants (Landschulz et al., 1988) .
Both SlHDL1 and SlHDL2 contain a leucine zipper motif capable of forming a coiled-coil structure involved in protein dimerization (O'Shea et al., 1991) . Their conserved leucine residues are spaced seven amino acid residues apart. Hydrophobic amino acids at positions a and d and charged amino acids at positions e and g were identified within the leucine heptads of SlHDL1 and SlHDL2 (Ruberti et al., 1991; Schena and Davis, 1994) . The proteins contain the conserved threonine and leucine residues of HD-Zip class I or leucine and threonine residues of class II at the a and d positions in the first heptad repeat of the leucine zipper motif (Fig. 1C) . This structure suggests the ability to heterodimerize with other HD-Zip proteins, which may contribute to variations in protein-DNA interactions, leading to activation (or repression) of different sets of genes involved in plant development (Chan et al., 1998) .
Both SlHDL1 and SlHDL2 have a highly conserved arginine residue at position 55 of the homeodomain region (encircled in Fig 1A, B) , which is essential for DNA binding of HD-Zip proteins. HD-Zip transcription factors recognize the 9-bp pseudopalindromic sequences CAAT(A/T)ATTG and CAAT(G/C)ATTG, respectively.
The lack of a conserved arginine in the N-terminal arm in HD-Zip proteins may be responsible for the lack of binding of the monomers (Sessa et al., 1993b) .
It is noteworthy that SlHDL2, as a member of HD-Zip class II, contains the CPSCE motif (boxed in Fig. 1B ) adjacent to the leucine zipper. The sequence CPSCE is similar to sequences found in thioredoxins and proteins with iron/sulfur clusters. This observation, together with its conserved location near the HD-Zip domain, suggests that it may function as a sensor of redox changes within the cell (Sessa et al., 1993b; Tron et al., 2002) .
To determine whether the two isolated genes are located on the Y-chromosome, both male and female genomic DNAs were tested using gene-specific PCR primers. Both male and female DNAs showed positive results, indicating that the genes are located on the autosomes, on the X-chromosomes, or in pseudoautosomal regions of the sex chromosomes (data not shown). Although the positive PCR results with gene-specific primers showed that neither SlHDL1 nor SlHDL2 is located on the Y-chromosome of S. latifolia, genomic southern hybridization could not identify the copy number of these genes in the plant genome because the probe was too short. When we used a longer probe, nonspecific bands were picked up because the longer probe contained portions of the highly conserved homeodomain region.
The results of the present study revealed the temporal and spatial expression patterns of SlHDL1 and SlHDL2 genes throughout the floral developmental stages. Although no major changes were found in the expression of SlHDL1 among the mature floral organs, we found no major difference between the male and female organs. But more importantly, SlHDL1 transcripts were specifically expressed in the outermost layer of the anthers and gynoeciums with a patchy pattern in the inner layers ( Fig. 4F-H) . These results suggest that SlHDL1 functions in the early stages of the development of the epidermal tissues of anthers and gynoeciums and interacts with genes controlling the formation and function of floral organs. Similar expression patterns have also been reported for the homeodomain-GLABRA2 (HD-GL2) class, in which the homeodomain gene transcript can be detected in the outermost layers of maize (Ingram et al., 1999) , rice organs (Ito et al., 2002; Yang et al., 2002) , and the shoot apex of Arabidopsis (Lu et al., 1996) , as well as for ATHB6, an HD-Zip gene the transcript of which was detected in the epidermis of the developing leaf of Arabidopsis (Soderman et al., 1999) .
SlHDL2 is highly similar to HD-Zip class II proteins. Genes of this group may have completely different functions. For example, Arabidopsis transformed with ATHB-2 (HAT4) (Carabelli et al., 1996) showed an accelerated developmental rate and became much taller than wild-type plants, whereas transformation with another gene of the same group, Oshox1, showed the opposite effect (Meijer et al., 1997) . To our knowledge, there have been no previous studies of the expression pattern of this class in the floral bud. SlHDL2 may play several roles depending on where and when it is expressed in the developing tissues. Homeodomain-containing proteins often work as homo-or heterodimers with other transcription factors, and these interactions can result in very different specificities in terms of targets and their regulation (Chan et al., 1998) . In the female flower, we detected high levels of expression in the ovules and petals.
Our real-time PCR data showed a high level of SlHDL2 expression in the male reproductive organs, the filament and the anther, whereas low levels of expression were found in the female reproductive organs, the style and the ovary (Fig. 3) . In late flower buds, higher levels of SlHDL2 expression were detected in the anther and the pollen grains, with lower levels of expression in other organs in the male flower ( Fig. 5E-F) . This raises the possibility that SlHDL2 acts as a homodimer or heterodimer to regulate specific targets in these regions. These results suggest interactions of SlHDL2 gene products with the proteins involved in the development and differentiation of the anther.
